1. Introduction {#sec0005}
===============

Many thousands of DNA modifications are induced daily in each cell through reactive oxygen species (ROS), formed as a by-product of aerobic metabolism, in contrast to the much lower levels of DNA damage induced at low doses of ionizing radiation. In contrast, the formation of clustered DNA damage sites, defined as two or more lesions formed within one or two helical turns of the DNA double helix by a single radiation track, is a characteristic of exposure to ionizing radiation when compared with their rarer occurrence when induced endogenously [@bib0005], [@bib0010]. The type of lesions produced via exposure to ionizing radiation is thought to be chemically identical to those formed by ROS [@bib0015], [@bib0020]. The formation of clustered DNA damage has been experimentally verified in both isolated DNA and mammalian cells [@bib0025], [@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050], [@bib0055]. The yield of bistranded non-DSB clusters is at least 4--8 times that of prompt DSB damage [@bib0035], [@bib0045], [@bib0050], with ∼10% of the total yield of non-DSB clustered damage converted into DSB at early times following γ-irradiation in xrs5 cells [@bib0060]. As such, it is the formation of these clustered damage sites, including DSB with lesions downstream of the DSB ends, that ultimately determines the severity of the biological consequences of exposure to ionizing radiation.

Within the cell, the base excision repair (BER) pathway is predominantly used for repair of base lesions, AP sites and SSB, irrespective of whether they are formed endogenously or through exposure to ionizing radiation [@bib0065], [@bib0070]. Numerous studies using oligonucleotides containing synthetic clustered damage sites have verified the hypothesis [@bib0075] that clustered DNA damage sites are more difficult to repair than single lesions, as a result of the reduced efficiency of BER (reviewed in [@bib0080], [@bib0085], [@bib0090]). Complementary investigations using plasmid-based bacterial or mammalian reporter systems confirmed the retardation of BER during the repair of clustered damage sites (reviewed in [@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100]) and as a consequence an increase in mutation frequency was seen resulting from the lifetime extension of lesions within clusters.

Cellular DNA must be compacted in order to be contained within the nucleus and DNA compaction is highly conserved throughout eukaryotes [@bib0105], with the first level of DNA higher order structure being the nucleosome. The nucleosome structure consists of a dimer of H3-H4 histones heterodimers with two individual heterodimers of H2A--H2B that bind to form a histone octamer. Approximately 147 base pairs of DNA associate with the histone octamer; the central 60 base pairs bound by the H3--H4 octamer whilst the H2A--H2B dimers contact 30 base pairs either side of this central region [@bib0110]. The superhelical turns of the DNA do not remain constant throughout the nucleosome, with a more relaxed structure observed towards the outer regions than at the central dyad [@bib0115]. Although DNA compaction is essential, the presence of the histone octamer has been shown to interfere with cellular processes, particularly DNA repair, as binding to the histone proteins causes DNA distortion and may also provide a physical block to interactions of other proteins. This is evident in a number of studies where reduced digestion with restriction enzymes was observed in nucleosomal templates in comparison to non-nucleosomal ("free") DNA [@bib0120], [@bib0125], [@bib0130], [@bib0135]. Despite this level of protection offered by histone-association, the DNA is still susceptible to damaging agents.

Only a few studies have reported on the levels of DNA damage processing by BER within nucleosomes and have focused on the level of retardation of repair of DNA damage seen within nucleosomal DNA compared with free DNA, using purified proteins. Despite some variability in the extent of retardation, attributed to different DNA sequences used with varying positioning affinity, the data unequivocally show that repair occurs less efficiently within nucleosomal templates as opposed to free DNA [@bib0140], [@bib0145], [@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0170]. Importantly, treatment of reconstituted nucleosomes with repair proteins does not lead to disruption of the structure, with the exception of the ligaseIII/XRCC1 complex [@bib0170]. Efficiency of enzymatic processing may differ between damage located close to the dyad rather than towards the outer regions of the nucleosome [@bib0130], [@bib0135], [@bib0150] in that a higher level of retardation was observed when the lesion is placed closer to the dyad. Further, the efficiency of processing is dependent upon whether a lesion was oriented "in" i.e., facing the histone octamer, or "out" i.e., facing solution, with higher levels of retardation observed with lesions facing inwards [@bib0130], [@bib0135], [@bib0140], [@bib0145], [@bib0150], [@bib0170], [@bib0175], [@bib0180], [@bib0185] and recently reviewed in ref [@bib0190]. Addition of the chromatin remodelling factor SWI/SNF leads to an increase in the rate of excision of 8-oxoG by OGG1 from native nucleosomes [@bib0155]. The activity of polymerase (pol) *β* within nucleosomal templates was demonstrated to be minimal [@bib0140], [@bib0145], [@bib0155] leading to a stall in the BER pathway. Despite a reduction in the level of ligation achieved within nucleosomes [@bib0165], [@bib0195], [@bib0200], this appeared to be the most efficient step during repair by BER of lesions contained within nucleosomal DNA. However, a more recent study has shown contrasting results to these earlier studies in that pol *β* could process its substrate in nucleosomal bound DNA but ligation could only occur if the nucleosome had been disrupted [@bib0170]. The retardation of DNA repair is not limited to the BER proteins; reports of similar levels of protein retardation have been shown in the nucleotide excision repair, mismatch repair and non-homologous end joining pathways [@bib0125], [@bib0205], [@bib0210], [@bib0215]. Few studies have been undertaken on bistranded clusters in a nucleosome environment. However, two recent studies on bistranded clustered damage showed that the efficiency of glycosylases or APE1 to cause SSB from excision of a lesion within the clusters is even more reduced when in a nucleosome environment and importantly cause suppression of BER-generated DSB [@bib0220], [@bib0225] than previously reported in 'free' DNA [@bib0080], [@bib0085], [@bib0090].

Building on ours and others studies of the efficiency of clustered DNA damage processing by both mammalian nuclear extract and purified proteins, within short sequence oligonucleotides (reviewed in [@bib0080]), we have now extended this present study to nucleosomal DNA containing clustered damage sites, to assess the rates of cleavage of the lesions by CHO-K1 nuclear extract, in comparison with that of purified AP endonuclease (APE1). To date, studies investigating the processing of DNA lesions within nucleosomes have generally focused on repair of single lesions. We have designed DNA sequences containing a single AP site or clustered sites containing two lesions, either bistranded AP sites or an AP site opposing an 8-oxoG residue (see [Table 1](#tbl0005){ref-type="table"}). The mono-nucleosome constructs contain these DNA damage sites close to the nucleosome dyad. Through treatment of these DNA substrates with either purified APE1 or OGG1 and CHO-K1 nuclear extract, we aim to gain more insight into the processing of clustered DNA damage within the added complexity of a higher order DNA environment. Using clustered DNA damage, we identified the formation of DSB through cleavage of opposing AP sites which leads to nucleosome disruption. In contrast, an AP site opposing 8-oxoG does not lead to DSB but retardation of cleavage of the 8-oxoG lesion was observed. Significant retardation of cleavage of the single AP site contained within nucleosomes by APE1 was noted, in comparison to free DNA, which was alleviated when DNA substrates were incubated with CHO-K1 nuclear extract.

2. Materials and methods {#sec0010}
========================

2.1. Substrate oligonucleotides {#sec0015}
-------------------------------

The oligonucleotide sequences, as depicted in [Table 1](#tbl0005){ref-type="table"}, were purchased PAGE purified with 5′ phosphorylated termini from Eurogentec. Strand 1 contains either uracil ([Y]{.ul}) or 8-oxoG ([X]{.ul}) at variable positions. Strand 2 contains a single uracil ([Y]{.ul}) at a fixed position. The control oligonucleotides contain a single uracil ([Y]{.ul}), tetrahydrofuran (Z) or 8-oxoG (X) present in strand 2 and no lesion in strand 1. Based on the previous nomenclature [@bib0230] lesions situated on strand 1, 3′ to the single uracil found on strand 2 within the cluster are given a negative number and 5′ lesions a positive number, the number relating to the base separation of the lesions.

2.2. Preparation of lesion-containing DNA for nucleosome reconstitution {#sec0020}
-----------------------------------------------------------------------

The plasmid pGEM3Z-601 contains the strong rotational positioning 601 DNA sequence [@bib0235], [@bib0240]. In order to incorporate restriction site sequences at each termini of the 601 sequence, plasmid DNA was used as a PCR template using the following primers: forward 5′ -- CTCGGAATTCTATCCGACTGGCACCGGCAAG -- 3′ (EcoRI) and reverse 5′ -- GCATGATTCTTAAGACCGAGTTCATCCCTTATGTG -- 3′ (Bst98I). Following purification, a central 20 bp fragment was released from the 601 sequence by incubation with Van91I (Fermentas) and BglI (Fermentas) at 37 °C for 16 h. Fragments of size 126 bp and 106 bp were gel purified from a 3% agarose (Lonza) gel using a Qiagen MinElute gel extraction kit, according to manufacturer's instructions. Lesion-containing 20 bp fragments (see [Table 1](#tbl0005){ref-type="table"}) were hybridized in Tris--EDTA buffer pH 8.0 by heating at 90 °C for 5 min before being left to cool slowly over 2--3 h. In a two-step ligation, double-stranded lesion-containing oligonucleotides were ligated to the 126 bp fragment by incubation with 30 U T4 DNA ligase (Roche) in 150 μL buffer (66 mM Tris--HCl, 5 mM MgCl~2~, 10 mM DTT, 10 mM ATP pH 7.5 at 20 °C) for 16 h at 4 °C. Excess 20 bp oligonucleotides were removed by passage through a Qiagen QIAquick nucleotide removal kit, according to manufacturer's instructions. The ligation product was incubated with a 1.5-fold excess of 106 bp DNA in 120 μl buffer (66 mM Tris--HCl, 5 mM MgCl~2~, 10 mM DTT, 10 mM ATP pH 7.5 at 20 °C) with 30 U T4 DNA ligase (Roche) for 16 h at 4 °C. The resultant 252 bp full length product was purified from a 3% agarose (Lonza) gel using a Qiagen MinElute gel extraction kit, according to manufacturer's instructions.

2.3. Preparation of 5′-end labelled oligonucleotides {#sec0025}
----------------------------------------------------

To prepare strand 1 (see [Table 1](#tbl0005){ref-type="table"}) for radiolabelling, 100 ng DNA was digested with 20 U Bst98I (Fermentas) in 20 μL buffer (50 mM Tris--HCl pH 7.5, 10 mM MgCl~2~, 100 mM NaCl, 0.1 mg/mL BSA) for 16 h at 37 °C. To prepare strand 2 for radiolabeling, 100 ng DNA was digested with 40 U EcoRI (NEB) in 20 μL buffer (50 mM Tris--HCl pH 7.5, 10 mM MgCl~2~, 100 mM NaCl, 0.02% Triton X-100, 0.1 mg/mL BSA) for 16 h at 37 °C. For 5′ ^32^P-end labelling, 100 ng DNA was incubated with 15 U T4 polynucleotide kinase (invitrogen) and 15 μCi of \[γ-^32^P\] ATP (6000Ci/mmol, 10 mCi/mL, PerkinElmer LAS) in 20 μL forward reaction buffer (70 mM Tris--HCl pH 7.6, 10 mM MgCl~2~, 100 mM KCl, 1 mM 2-mercaptoethanol) for 1 h at 37 °C. Unincorporated radionuclide was subsequently removed by ethanol precipitation and the resultant DNA pellet was resuspended in 30 μL Tris--EDTA pH 8.0. The DNA was then incubated with 1 U uracil DNA glycosylase (invitrogen) in 50 μL buffer (10 mM Tris--HCl pH 7.5, 50 mM NaCl, 1 mM EDTA) at 37 °C for 2 h, to convert the uracil residue within the radiolabeled 601 sequence to an AP site. The percentage conversion of uracil to AP site was confirmed as previously described [@bib0245].

2.4. Nucleosome reconstitution {#sec0030}
------------------------------

Nucleosomes were reconstituted using the standard salt-step dialysis method. In brief, nucleosomes were reconstituted with 1.5 μg carrier DNA (approximately 150 bp length), 1 μg un-labelled 255 bp 601 oligonucleotide, 20 ng ^32^P-5′ radiolabelled 601 oligonucleotide and ∼2.5 μg native chicken erythrocyte histone mix in 100 μL buffer (2 M NaCl, 10 mM Tris--HCl pH 7.4, 1 mM EDTA, 5 mM 2-mercaptoethanol, 0.1 mg/mL BSA, 0.01% Nonidet P-40). The exact ratio of DNA: histones was determined experimentally to ensure \<5% free DNA remained after reconstitution. The mixture was dialyzed at 4 °C using dialysis tubing (Spectra-por, MW cut-off 6000--8000) against decreasing salt buffers containing 10 mM Tris--HCl pH 7.4, 5 mM 2-mercaptoethanol, 1 mM EDTA: 1.6 M NaCl for 30 min; 1.2 M, 1.0 M, 0.8 M and 0.6 M NaCl for 90 min and 0.3 M NaCl for 30 min. Finally the reconstitution was dialyzed against 10 mM NaCl (10 mM Tris--HCl pH 7.4, 0.25 mM EDTA) for 14--18 h. Verification of reconstitution was performed by subjecting a 5 μL sample, with a non-reconstituted (free) DNA sample for comparison, to electrophoresis on a 5% native polyacrylamide gel in 0.3× TBE at a constant 12 V/cm for 80 min at room temperature.

2.5. Preparation of nuclear extract {#sec0035}
-----------------------------------

The nuclear extracts were prepared as previously described [@bib0230] from CHO-K1 cells. In summary, cells were harvested in exponential phase and the pelleted cells were resuspended in an equal volume of buffer (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT). To lyse the cytoplasmic membranes the cells were drawn through a 0.5 mm diameter needle 10 times. Following a brief centrifugation at 18,000 × *g* at 4 °C the nuclei were collected and resuspended in two-third volume of high salt buffer (20 mM HEPES pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl~2~, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF) for 30 min with agitation, on ice. Following centrifugation at 18,000 ×* g* for 10 min at 4 °C, the supernatant was dialyzed for 16 h against 1 L of buffer (20 mM HEPES pH 7.9, 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF). The protein concentration was determined using the Bradford colorimetric technique and was found to be between 6.6 and 11.1 mg/mL. Aliquots of nuclear extracts were stored at −80 °C.

2.6. Processing of lesion-containing 601 DNA {#sec0040}
--------------------------------------------

Radiolabelled nucleosomal DNA (0.25 ng, equivalent to 30 ng of reconstituted nucleosome) or radiolabelled free DNA (0.25 ng, in presence of 30 ng of native chicken erythrocyte nucleosomes) was incubated with varying amounts of purified APE1 (human origin); CHO-K1 nuclear extract; Fpg (*E. coli* origin), Nth (*E. coli* origin) or OGG1 together with 10 ng purified APE1 or 1 μg CHO-K1 nuclear extract, in 5 μL of buffer (1 mM MgCl2, 0.2 mM EDTA, 30 mM KCl) for 30 min at 37 °C. To stop the reaction 90 μL buffer (0.1% SDS, 25 mM EDTA) was added.

2.7. Repair of lesion-containing 601 DNA by CHO-K1 nuclear extract {#sec0045}
------------------------------------------------------------------

Nucleosomal DNA (0.25 ng, equivalent to 30 ng of reconstituted nucleosome) or free DNA (0.25 ng), was incubated with 3.0 μg CHO-K1 nuclear extract in 5 μL buffer (70 mM Tris--HCl pH 7.5, MgCl~2~ 10 mM, DTT 10 mM, ATP 4 mM, phosphocreatine 40 mM, phosphocreatine kinase 3.2 μg/mL, 2 mM NAD, 0.1 mM each of dATP, dCTP, dTTP and dGTP) for 0, 1, 5, 20, 60 min to investigate lesion repair. The reaction was stopped by the addition of 95 μL buffer (1 μg proteinase K, 0.1% SDS, 25 mM EDTA).

2.8. Purification and electrophoresis of nucleosome reactions {#sec0050}
-------------------------------------------------------------

A 100 μL phenol chloroform (25:24:1 phenol:chloroform:isoamyl alcohol, Fluka) was added to each reaction, at room temperature. All samples were vortexed and centrifuged at 17,950 × *g* for 10 min to collect the DNA and the DNA was isolated by ethanol precipitation. Where the cleavage of the lesion was to be assessed, the DNA pellet was resuspended in 4 μL denaturing loading buffer (98% formamide, 2 mM EDTA, 0.025% bromophenol blue, 0.025% xylene cyanol). DNA was then denatured by heating at 90 °C for 60 s. The samples were immediately put on ice then subjected to electrophoresis on an 8% denaturing polyacrylamide gel at a constant 30 V/cm for 30 min at room temperature. For non-denaturing samples where DSB formation was investigated, 4 μL native loading buffer (40% sucrose, 5 mM EDTA, 0.025% bromophenol, 0.025% xylene cyanol) was used to resuspend the DNA pellets after ethanol precipitation and samples were subjected to electrophoresis on a 5% native polyacrylamide gel at a constant 12 V/cm for 45 min at room temperature. Dried gels were exposed to a Bio-Rad Phosphorimager screen for visualization of repair products using phosphorimaging technology (Bio-Rad, Molecular Imager FX) and the image was quantified with Quantity One software (Bio-Rad, Hercules, CA). The intensity of the band representing cleaved DNA (either as a single lesion or DSB formation) was expressed as a percentage of the total intensities of all bands within each reaction. The error bars represent standard error of the mean from at least three independent experiments.

3. Results {#sec0055}
==========

3.1. Inhibition of purified APE1 to incise a single AP site within nucleosomal substrates {#sec0060}
-----------------------------------------------------------------------------------------

We first investigated the level of cleavage of a single AP site by incubation with increasing amounts of APE1 for 30 min, in both nucleosomal and free DNA templates. A single AP site within the DNA template was situated 10 bp from the nucleosome dyad and mid-way between facing solution and the histone octamer. Following incubation of both DNA templates with varying amounts of APE1, reaction products (seen as SSB) were separated by PAGE ([Fig. 1](#fig0005){ref-type="fig"}A).

The incision of the AP site by various amounts of APE1 was assessed by comparing the levels of DNA found in the intact or cleaved bands following quantification. Cleavage of the free DNA, (evident at the lowest concentration of enzyme used), becomes saturated ≥0.8 ng APE1 ([Fig. 1](#fig0005){ref-type="fig"}B). In contrast, incision of the AP site in nucleosomal DNA does not become saturated until APE1 concentrations are \>1 ng and even at saturation, a 3.3 fold lower level of AP site incision was seen than that in free DNA ([Fig. 1](#fig0005){ref-type="fig"}B). At low concentrations of APE1 (\<0.4 ng), the level of AP site incision is reduced by 3.6 fold in nucleosomal DNA compared to free DNA, consistent with the reduction reported in [@bib0225]. When AP site cleavage becomes saturated in the free DNA (at 0.8 ng APE1) an approximately 4.7 fold decrease was seen in the level of APE1 cleavage of the AP site in nucleosomal-bound DNA.

3.2. Efficient cleavage of single AP sites within a nucleosomal template by nuclear extract {#sec0065}
-------------------------------------------------------------------------------------------

In contrast, an AP site is cleaved to comparable levels by 1 μg CHO-K1 nuclear extract when present in free DNA or nucleosomal-bound DNA ([Fig. 1](#fig0005){ref-type="fig"}D). [Fig. 1](#fig0005){ref-type="fig"}C shows a representative phosphorimaging scan of a polyacrylamide gel with quantification of the level of cleavage of the AP site expressed graphically in [Fig. 1](#fig0005){ref-type="fig"}D. At the lower concentrations of nuclear extract used (\<300 ng), the efficiency of cleavage of the AP site in nucleosomal bound DNA is approximately 2 fold lower when compared with free DNA. However at higher concentrations, the reduction in efficiency of AP site cleavage is only 1.4 fold. It was determined that 1 μg CHO-K1 nuclear extract contains approximately 3 ng APE1 (Supplementary Fig. 1). Thus, in the nucleosome, the AP site incision at the highest concentration (1 μg) of CHO-K1 nuclear extract used (77% relative% DNA cleaved) is 2.5 fold greater than with 3 ng APE1 (30% relative % DNA cleaved). Therefore, the difference in the extent of cleavage of the nucleosomal-bound AP site by either CHO-K1 nuclear extract or purified APE1 is not due to a greater abundance of APE1 in CHO-K1 nuclear extract. In addition, it was verified that the CHO-K1 nuclear extract incubation does not disrupt the nucleosome structure (Supplementary Fig. 2) and therefore, the difference in cleavage levels is not due to either DNA degradation or nucleosome disruption by the extract.

[Fig. 2](#fig0010){ref-type="fig"} shows glycosylase mediated incision of an AP site to determine if higher efficiency of incision of an AP site from nucleosomal-bound DNA using CHO-K1 nuclear extracts than purified APE1 is due to glycosylase cleavage.

The incision of an AP site by Fpg is similar to that by CHO-K1 nuclear extract. As AP site incision in free DNA approaches saturation (at 1 ng) there is ∼1.5 fold less incision of an AP site with nucleosomal-bound DNA, by 10 ng the difference is 1.3 fold ([Fig. 2](#fig0010){ref-type="fig"}A). In contrast, a larger differential was seen between the incision of an AP site from free DNA and nucleosomal-bound DNA by Nth. Nth incision of an AP site from free DNA approaches saturation at 0.1 ng Nth, whereas the incision of an AP site from nucleosomal-bound DNA is 2.7 fold less. However, by 10 ng Nth there is only a 1.3 fold decrease in the level of AP site incised from nucleosomal-bound DNA compared to free DNA ([Fig. 2](#fig0010){ref-type="fig"}B). The histone proteins used to reconstitute mononucleosomes for the glycosylase experiments were from a different preparation than that used for all the other experiments in this current study, therefore the level of AP site incision with APE1 was reassessed. Similar levels of AP site were incised by APE1 and Nth in both free and nucleosomal-bound DNA ([Fig. 2](#fig0010){ref-type="fig"}B and C). Thus it appears as if certain, but not all, glycosylases (possibly the Fpg functional homologue OGG1) could contribute to AP site incision in CHO-K1 nuclear extract.

To explore this possibility further, a tetrahydrofuran (THF) lesion was substituted for an AP site and cleavage of the THF lesion was measured. A THF lesion is an analogue of a reduced AP site and is thought to be refractory to incision by DNA glycosylases, i.e., it is predominantly be cleaved by APE1. Therefore, if there is a large reduction in the level of THF cleaved by CHO-K1 nuclear extract when it is in nucleosomal bound DNA, compared to free DNA, as seen for an AP site using purified APE1 ([Fig. 1](#fig0005){ref-type="fig"}B), it can be inferred that the AP site is incised, in part, by glycosylases present in the nuclear extract. [Fig. 2](#fig0010){ref-type="fig"}D and E show that, whilst at lower levels of purified APE1 and CHO-K1 nuclear extract the THF is incised less efficiently when nucleosomal-bound than when in free DNA, at higher levels THF lesion is incised from nucleosomal-bound DNA to a comparable level by both purified APE1 and CHO-K1 nuclear extract. THF incision by APE1 approaches saturation at 0.4 ng when in free DNA but with a 2.1 fold lower incision of the THF when nucleosomal-bound ([Fig. 2](#fig0010){ref-type="fig"}D). THF cleavage steadily increases as the amount of APE1 increases, until no difference was seen in the incision levels of a THF from free or nucleosomal-bound DNA at 10 ng APE1. A similar trend was seen with CHO-K1 nuclear extract, but at the highest amount of nuclear extract used there remains a 1.2 fold decrease in the level of THF cleaved from nucleosomal-bound DNA than from free DNA ([Fig. 2](#fig0010){ref-type="fig"}E). From the similarity in the extent of cleavage by APE1 and with APE1 or nuclear extracts at the higher concentrations, it is inferred that the contribution of cleavage of THF by glycosylases or polynucleotide kinase phosphatase [@bib0250] is minimally.

3.3. Cleavage of AP sites within clustered damage sites in nucleosomal templates by CHO-K1 nuclear extract {#sec0070}
----------------------------------------------------------------------------------------------------------

Having determined that cleavage of a single AP site is comparable within free and nucleosomal-bound DNA, following treatment with CHO-K1 nuclear extract, we wished to investigate the efficiency of cleavage of AP sites when present within a clustered damaged site and whether any DSB result. We designed two bistranded AP site clusters, AP/AP + 1 and AP/AP − 3, in addition to a cluster with an 8-oxoG substituting one AP site, AP/8-oxoG + 1 (see [Table 1](#tbl0005){ref-type="table"}).

### 3.3.1. Cleavage of bistranded AP sites {#sec0075}

With AP/AP − 3, cleavage of both AP sites by nuclear extract occurs within 1 min in both free and nucleosomal bound DNA, leading to extensive DSB formation, as shown in a representative phophorimaging scan of a native polyacrylamide gel ([Fig. 3](#fig0015){ref-type="fig"}A) and graphically ([Fig. 3](#fig0015){ref-type="fig"}B). In contrast, such prompt DSB formation was not seen with the AP/AP + 1 cluster ([Fig. 3](#fig0015){ref-type="fig"}C). The efficiency of cleavage of the AP site within strand 2 (\*AP/AP + 1; see [Table 1](#tbl0005){ref-type="table"}) in the first 10 min is about 1.5 fold lower than that of the control AP site for both free and nucleosomal-bound DNA (Supplementary Fig. 3), whereas the efficiency of incision of the AP site in strand 1 (AP/\*AP + 1; see [Table 1](#tbl0005){ref-type="table"}) is comparable to the control (Supplementary Fig. 3). Eighty percent of the AP sites on strand 2 within free DNA are cleaved, compared to only 63% of the AP sites when contained in a nucleosomal template. These values should be compared with the conversion of 55% and 73% of the AP/AP + 1 cluster into DSB within 30 min ([Fig. 3](#fig0015){ref-type="fig"}C) in nucleosomal and free DNA, respectively. These percentage yields of DSB compare with the level of cleavage of the AP site located in strand 2 of the cluster. Additionally, this level of DSB formation is 1.5 fold (nucleosomal-bound DNA) and 1.2 fold (free DNA) lower than that seen with the AP/AP − 3 cluster, reflecting the reduction in the efficiency of AP site incision on strand 2 in the AP/AP + 1 cluster. Thus, the incision of the AP site on strand 1 may confer retardation on the incision of the AP site on strand 2 in the AP/AP + 1 cluster.

To determine if the formation of DSB would affect the stability of the nucleosome, nucleosomes reconstituted with DNA containing either an AP control or clusters containing AP/AP + 1 or AP/AP − 3 were incubated with 1 μg CHO-K1 nuclear extract for 0 or 30 min before being subjected to native PAGE without deproteinization to visualize reaction products. [Fig. 3](#fig0015){ref-type="fig"}D shows a representative phosphorimaging scan of a native polyacrylamide gel. The nucleosome reconstituted with AP control DNA remains intact after incubation with the nuclear extract whereas with DNA containing clustered AP sites the nucleosome structure is disrupted. In the case of the AP/AP − 3 cluster, which forms DSB within five minutes ([Fig. 3](#fig0015){ref-type="fig"}B), the nucleosome structure is completely disrupted at 30 min, in contrast to ∼40% of the DNA nucleosomal structure remaining intact with the AP/AP + 1 cluster at 30 min. The disrupted DNA containing the clusters is cleaved, as indicated in [Fig. 3](#fig0015){ref-type="fig"}D, which is in agreement with the formation of DSB presented in [Fig. 3](#fig0015){ref-type="fig"}A--C. The rapid formation of DSB seen with the AP/AP − 3 cluster is reflected in the dissolution of the nucleosome structure. Where DSB are slower to form as with the AP/AP + 1 cluster, the structure remains intact longer and even at 30 min some nucleosome-bound DNA is still visible.

### 3.3.2. Cleavage of an AP site or an 8-oxoG lesion within a bistranded AP/8-oxoG cluster {#sec0080}

We also wanted to explore the effect of 8-oxoG on the efficiency of cleavage of an AP site. The extent of cleavage of the AP site within a bistranded AP/8-oxoG + 1 cluster at 30 min in the presence of nuclear extract is comparable to that of a single AP site in both free and nucleosomal templates ([Fig. 4](#fig0020){ref-type="fig"}A). In contrast, the efficiency of excision of the 8-oxoG lesion when an AP site is position +1 is severely retarded compared to an 8-oxoG lesion present in isolation ([Fig. 4](#fig0020){ref-type="fig"}B and C).

Thus, DSB are not formed from the cleavage of the AP/8-oxoG + 1 cluster when in nucleosome-bound DNA (data not shown). In order to investigate the excision of 8-oxoG purified OGG1 was used. However, OGG1 has a poor AP lyase activity thus OGG1 was used in combination with APE1 or CHO-K1 nuclear extract to cleave the AP site resulting from the excision of the damaged base by OGG1. The efficiency of 8-oxoG excision, both in isolation and in a cluster with an AP site, is reduced when the lesion is within nucleosomal-bound DNA compared to when present in free DNA and this affect is most dramatic when APE1 is used in combination with OGG1 ([Fig. 4](#fig0020){ref-type="fig"}B and C). It has been well documented in previous studies using free DNA and purified proteins or mammalian cell extracts that lesion hierarchy limits the formation of DSB [@bib0230], [@bib0255], [@bib0260]. That DSB are not induced is consistent with inefficient excision of 8-oxoG from the AP/8-oxoG + 1 cluster, most likely due to the AP site being cleaved initially and the resulting SSB conferring an inhibition on the excision of 8-oxoG.

3.4. Retardation of repair of a single AP site within nucleosomal templates by CHO-K1 nuclear extract {#sec0085}
-----------------------------------------------------------------------------------------------------

As incubation of nucleosome-bound DNA templates containing an AP site with nuclear extract leads to comparable cleavage to that in free DNA, we next wished to ascertain the level of repair possible within such templates. As demonstrated in [Fig. 5](#fig0025){ref-type="fig"}, no further repair is seen of the SSB resulting from AP site cleavage within nucleosomal templates, in comparison to efficient repair of the resulting SSB within free DNA. This contrasts with comparable cleavage levels between the two substrates using the same extract, as shown in [Fig. 1](#fig0005){ref-type="fig"}.

4. Discussion {#sec0090}
=============

Previous in vitro studies investigating the processing of clustered DNA damaged sites have constructed these sites only in "naked" or "free" DNA, which is DNA that is not associated with histone proteins. This current study was designed to investigate how such clustered damaged sites are processed in DNA that is associated with histones. DNA containing bistranded clustered AP sites within reconstituted mononucleosomes resulted in rapid formation of DSB through cleavage of the AP sites, when treated with nuclear extracts. DSB formation from the AP/AP − 3 cluster ([Table 1](#tbl0005){ref-type="table"}) was more rapid and complete than that from the AP/AP + 1 cluster ([Table 1](#tbl0005){ref-type="table"}). This DSB formation is comparable to that seen in free DNA and to previous published studies [@bib0255], [@bib0265], [@bib0270], [@bib0275]. With the cluster containing AP/AP − 3, the AP site on strand 1 ([Table 1](#tbl0005){ref-type="table"}) is three base pairs closer to the histone core and is almost at the DNA/histone interface, so that of the two AP sites this one would be expected to be removed more slowly. However, no retardation of cleavage of either AP site was apparent in the rapid DSB formation. This lack of any significant differential removal of the AP sites agrees with previous studies using free DNA [@bib0245], [@bib0255], [@bib0270], [@bib0275], [@bib0280], [@bib0285]. In contrast, cleavage of one of the AP sites within AP/AP + 1 is retarded to a greater extent when within nucleosomal DNA than when in free DNA. The AP site positioned on strand 1 ([Table 1](#tbl0005){ref-type="table"}) within the clustered damage site is more accessible in the nucleosome as it faces the solution. This orientation causes cleavage to the same extent as that contained within free DNA. However, cleavage of the AP site located in strand 2 ([Table 1](#tbl0005){ref-type="table"}) is retarded and to a greater extent when present in a nucleosomal context. Since the structure of the control nucleosome remains intact in the presence of the nuclear extract, it is suggested that the DNA remains loosely associated to the histone core during incision of the second lesion. This relaxation of the nucleosome structure could explain the increased cleavage of the AP site that is further from the histone core within nucleosomal templates. Structural studies have shown that when two bistranded AP sites are in position −1 to each other, the AP sites bulge out into the major groove in a conformation close to that of APE1/DNA, so that only small structural changes will be required for APE1 incision of the AP sites [@bib0290]. In contrast, two opposing AP sites in the +1 position remain aligned with the sugar-phosphate backbone and are thus less exposed than two AP sites in the −1 position and will require major structural changes for APE1 incision [@bib0290]. When bistranded AP site clusters are converted into DSB, the DNA dissociates from the nucleosome. As this study uses only mononucleosomes it is not yet known whether the structure would remain within larger nucleosome arrays. In contrast, a previous study [@bib0220] with bistranded thymine glycol and purified BER proteins, the ensuing DSB did not lead to dissociation of the nucleosome.

Again in agreement with previous studies using free DNA [@bib0295], [@bib0300], the efficiency of incision of the AP site present as an isolated lesion or in a cluster with 8-oxoG (AP/8-oxoG + 1 cluster) is comparable in both free and nucleosomal templates, after treatment with CHO-K1 nuclear extract without the formation of DSB. In contrast, excision of 8-oxoG within this cluster is impaired in both free and nucleosomal DNA as also shown recently [@bib0220] but using hOGG1 with a bistranded cluster containing two 8-oxoG spaced 5 bp apart in a nucleosome but further away from the dyad, namely a distance of 50/51 bp. These observations now extend our understanding of the hierarchy of repair of clusters, previously developed for clusters in free DNA, which tend to limit DSB formation [@bib0230], [@bib0245], [@bib0260], [@bib0270]. OGG1 is unable to bind to an 8-oxoG lesion when it is positioned at +1 to an AP site in free DNA [@bib0295], consistent with initial excision of the AP site. Additionally, in agreement with this current study, Menoni et al. [@bib0155], [@bib0160] and Cannan et al. [@bib0220] have shown that the excision of an isolated 8-oxoG lesion by OGG1 was also significantly reduced in nucleosomal DNA compared to free DNA.

Cleavage of a single AP site within the 601 DNA sequence but in the absence of histone-association, is efficient by APE1 at a concentration similar to that noted previously with shorter DNA sequences [@bib0245]. However, when the 601 DNA sequence containing an AP site in the same position is used to reconstitute nucleosomes, a drastic reduction in the efficiency of cleavage was seen. It was previously shown that the location of the lesion on the DNA sequence used for reconstitution is important for lesion processing [@bib0135], [@bib0200], in that the closer the lesion is located to the nucleosome dyad the higher the level of retardation for removal of the lesion. The position of the lesion with respect to the histone core is also vitally important [@bib0130], [@bib0150], [@bib0175] as lesions facing "out", away from the histone, are processed with almost comparable efficiency to lesions contained in free DNA but lesions inward-facing and mid-way (meaning half-way between the histone core and solution) lesions are generally excised with much lower efficiency. The inserted lesion within our chosen sequence is located 10 bp from the nucleosome dyad and is precisely halfway between the most- and least-exposed DNA to the water. It would have been predicted [@bib0130], [@bib0150], [@bib0175] that retardation of cleavage would occur once the DNA is associated with the histone core, particularly as the position of the AP site is close to the dyad.

In contrast to the reduced efficiency of the nucleosome on incision of the AP site by APE1, the efficiency of cleavage of the AP site in nucleosomal DNA and free DNA by CHO-K1 nuclear extract is comparable. The increased efficiency of cleavage of an AP site in the nucleosome by nuclear extract relative to that with purified APE1 is not due to disruption of the nucleosome structure by nuclear extract to give free DNA containing an AP site. Cleavage of the AP site in free and nucleosomal-bound DNA by Fpg suggests that glycoslases present in the nuclear extract may contribute to this increased cleavage. In addition the increase in cleavage could be due to the action of a chromatin remodeler, many of which are capable of disruption of DNA-histone contacts and nucleosome translocation (reviewed in [@bib0305], [@bib0310]). SWI/SNF, RSC, ACF, are chromatin remodelers that have been shown to interact with the BER pathway [@bib0155], [@bib0160], [@bib0315], [@bib0320] and can be further facilitated by HMGB1 protein [@bib0325], [@bib0330]. Alternatively, PARP1 which acts rapidly and has roles in the regulation of chromatin structure, DNA repair and transcription (reviewed in [@bib0335]) may facilitate enzymatic access. However, we found that the PARP inhibitor, KU-0058684, had no effect on the incision or repair of an AP site in either free or nucleosomal DNA in our in vitro BER assays (data not shown).

Despite the comparable levels of AP site cleavage between free and nucleosomal DNA templates after treatment with nuclear extract for given times, repair of the resultant SSB was not seen in nucleosomal templates. Potentially, the pol *β* or ligase III step of the BER pathway could be the position at which repair stalls. Due to experimental constraints, we are unable to detect single base addition into the DNA template, an indication of the efficiency of pol *β* activity. Previously reported levels of ligase retardation [@bib0165], [@bib0195], [@bib0200] are minimal in comparison to the inhibition of pol *β* observed [@bib0140], [@bib0145], [@bib0155]. Conversely; however, the repair gaps have recently been shown to be processed by pol *β* whereas ligation by ligase III/XRCC1 only takes place following nucleosome disruption [@bib0170].

Sczepanski et al. reported that DNA protein cross links between AP sites and histone H4 tails, leading to strand scission, were much more rapidly formed in nucleosomal-bound DNA than free DNA and that two closely opposed AP sites could result in a DSB, without the requirement of incision by APE1 [@bib0340]. However, the time scale for this reaction is hours, rather than minutes it takes to form a DSB from two opposing AP sites by APE1 incision. After formation of the mononucleosome the histone tails are excluded from the core structure and interact with linker DNA, the DNA that connects two nucleosomes within an array. If this linker DNA is absent the histone tails can associate with the DNA surrounding the dyad and retard lesion processing [@bib0200], [@bib0345]. In our present study the central 147 bp DNA that associates with the histone proteins to form the nucleosome was flanked by linker DNA. The presence of the linker DNA, together with a time frame of up to 30 min for the completion of the experiments, may explain why no DNA protein crosslinks and subsequent AP site scission was observed.

5. Conclusions {#sec0095}
==============

In summary, novel insights are presented into the repair of both single and clustered DNA lesions placed within nucleosome-bound regions of DNA. This gives a greater reflection on how damage is processed in vivo as DNA is found condensed into chromatin, with nucleosomes as the first level of higher order DNA structure. It is not only the types of lesions found within a cluster that affects repair but the orientation of lesions to each other and also their orientation to the solution or towards the histone octamer. These additional factors need now to be taken into consideration when predicting the outcomes of BER. The inefficient repair of such clustered damage sites has great biological significance due to the ultimate risk of tumourigenesis.
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![APE1 cleavage of a single AP site within free and nucleosomal DNA substrates. (A) Representative phosphorimaging scan of a denaturing polyacrylamide gel showing the cleavage of a single AP site within free (left) or nucleosomal-bound (right) DNA by APE1. (B) Cleavage of the AP site within free DNA (square) or nucleosomal-bound DNA (triangle) by purified APE1. (\*) The cleavage of nucleosomal-bound DNA was compared to free DNA for each amount of APE (ng) used. Student *t*-tests were performed to identify statistically significant differences in cleavage. *P*-values \<0.05 were considered to be significant. (C) Representative phosphorimaging scan of a denaturing polyacrylamide gel showing the cleavage of a single AP site within free (left) or nucleosomal-bound DNA (right) by CHO-K1 nuclear extract. (D) Cleavage of the AP site within free DNA (square) or nucleosomal-bound DNA (triangle) by CHO-K1 nuclear extract. Error bars represent standard deviation determined from at least three independent experiments. In (B) and (D) the background has been subtracted from the data prior to normalization to 100% for each experiment.](gr1){#fig0005}

![Cleavage of a THF lesion and an AP site in free and nucleosomal bound DNA. (A) Cleavage of an AP site site by purified Fpg. (B) Cleavage of an AP site site by purified Nth. (C) Cleavage of an AP site site by purified APE1. (D) Cleavage of a THF lesion by purified APE1. (E) Cleavage of a THF lesion by CHO-K1 nuclear extract. (Square) free DNA, (triangle) nucleosomal-bound DNA. For each experiment, the background has been subtracted from the data prior to normalization to 100%. Error bars represent standard deviation determined from at least three independent experiments.](gr2){#fig0010}

![Cleavage of two bistranded AP sites by 1 μg CHO-K1 nuclear extract. (A) Representative phosphorimaging scans of native polyacrylamide gels showing the formation of DSB in bistranded cluster (AP/AP − 3) in both free and nucleosomal-bound DNA substrates following treatment with 1 μg CHO-K1 nuclear extract for given times. Strand 2 within the DNA duplex was 5′-end labelled with ^32^P. The DSB band represents DNA that has been cleaved at both AP sites. A single AP site in strand 2 (AP con [Table 1](#tbl0005){ref-type="table"}) does not give DSB when incubated with extract. (B) Percentage formation of DSB from AP/AP − 3 substrate: (open square) AP/AP − 3 free DNA, (open triangle) AP/AP − 3 nucleosomal-bound DNA and no extract control for both AP/AP − 3 free DNA (filled triangle) and nucleosomal-bound DNA, (filled square). (C) Percentage formation of DSB from AP/AP + 1 substrate: (open square) AP/AP + 1 free DNA, (open triangle) AP/AP + 1 nucleosomal-bound DNA and no extract control for both AP/AP + 1 free DNA (filled triangle) and nucleosomal-bound DNA, (filled square). (D) Representative phosphorimaging scan of a native polyacrylamide gel showing the nucleosome stability after DSB formation resulting from treatment with 1 μg CHO-K1 nuclear extract for 0 and 30 min. The positions of the nucleosome, free DNA remaining intact and free DNA, that has been cleaved by the nuclear extract, are indicated. A single AP site in strand 2 (AP con [Table 1](#tbl0005){ref-type="table"}) is stable when incubated with extract. The nucleosomes were loaded onto the gel without deproteinization. A sample of free DNA was included for comparison. Error bars represent standard deviation determined from at least three independent experiments.](gr3){#fig0015}

![Cleavage the lesions within an AP/8-oxoG + 1 clustered damaged site. (A) Incision of AP site by 1 μg CHO-K1 nuclear extract. (Filled square) AP control free DNA, (filled triangle) AP control nucleosomal-bound DNA, (open square) AP/8-oxoG + 1 free DNA, (open triangle) AP/8-oxoG + 1 nucleosomal-bound DNA. (B and C) Excision of 8-oxoG by increasing amounts of OGG1 and 10 ng APE1 (B) or 1 μg CHO-K1 nuclear extract (C) (to incise AP site resulting from OGG1 activity). (Filled square) 8-oxoG control free DNA, (filled triangle) 8-oxoG control nucleosomal-bound DNA, (open square) AP/8-oxoG + 1 free DNA, (open triangle) AP/8-oxoG + 1 nucleosomal-bound DNA. For each experiment, the background has been subtracted from the data prior to normalization to 100%. Error bars represent standard deviation determined from at least three independent experiments.](gr4){#fig0020}

![Repair of an AP site within free and nucleosomal-bound DNA by CHO-K1 nuclear extract. (Square) free DNA, (triangle) nucleosomal-bound DNA. Error bars represent standard deviation determined from at least three independent experiments.](gr5){#fig0025}

###### 

Oligonucleotide sequences.

  Cluster                                 Sequence                                Strand
  --------------------------------------- --------------------------------------- --------
  AP control                              5′ TTGGTGCGTTTAAGCCGTGC 3′              1
  3′ CGCAACCAC[**Y**]{.ul}CAAATTCGGC 5′   2                                       
  THF control                             5′ TTGGTGCGTTTAAGCCGTGC 3′              1
  3′ CGCAACCAC[**Z**]{.ul}CAAATTCGGC 5′   2                                       
  8-oxoG control                          5′ TTGGTGCGTTTAAGCCGTGC 3′              1
  3′ CGCAACCAC[**X**]{.ul}CAAATTCGGC 5′   2                                       
  AP/AP + 1                               5′ TTGGTGC[**Y**]{.ul}TTTAAGCCGTGC 3′   1
  3′ CGCAACCAC[**Y**]{.ul}AAAATTCGGC 5′   2                                       
  AP/AP − 3                               5′ TTG[**Y**]{.ul}TGCGTTTAAGCCGTGC 3′   1
  3′ CGCAACAAC[**Y**]{.ul}CAAATTCGGC 5′   2                                       
  AP/8-oxoG + 1                           5′ TTGGTGC[**X**]{.ul}TTTAAGCCGTGC 3′   1
  3′ CGCAACCAC[**Y**]{.ul}CAAATTCGGC 5′   2                                       

Oligonucleotide sequences: [Y]{.ul} represents a uracil residue converted to an AP site before use and [X]{.ul} represents 8-oxoG. The lesions on strand 1 have been given a number relating their positions to the AP site on the complementary strand 2. The number denotes the base separation. A positive number is given if the lesion on strand 1 is in the 5′ direction to that on strand 2 and a negative number is given if the lesion on strand 1 is in the 3′ direction to that on strand 2. The AP, THF and 8-oxoG control oligonucleotides consists of a single lesion on strand 2 with no lesion on strand 1.

[^1]: Present address: Molecular Biology Program and Department of Radiation Oncology, Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New York, NY 10065, USA.
